Abstract. The K-Ar based geomagnetic polarity timescale was constructed using data from lavas and tuffs that bracketed, but rarely dated, the transitions between polarity intervals. Subsequent 40 Ar/ 39 Ar dating indicated that the ages of some polarity transitions had been underestimated by about 6%. Although the accepted ages of the polarity chron boundaries have increased, their precise temporal definition remained uncertain. We have taken a different approach and used incremental-heating techniques to obtain 18 new 40 Moreover, these data indicate that the Kamikatsura event occurred 20 -40 kyr after another geomagnetic event, most probably taking place at 0.92 Ma. We designate this earlier field behavior the Santa Rosa event, adopting its name from that of a transitionally magnetized rhyolite dome which happened to figure prominently in the original definition of the end of the JNS in the 1968 study of Doell et al. [1968]. The discovery of these new short-lived polarity events during the Matuyama reversed chron suggests that the 400 kyr period between 1.18 and 0.78 Ma experienced no less than 7 and perhaps more than 11 attempts by the geodynamo to reverse. This newly determined higher frequency of geomagnetic activity illustrates vividly the importance of obtaining precise age control directly from transitionally magnetized rocks.
Introduction

Geochronology and the Reversal Timescale
Potassium-argon (K-Ar) ages that in the past were used to calibrate the geomagnetic polarity timescale (GPTS) closely bracket the ages of many reversals but only very rarely date them directly [Mankinen and Dalrymple, 1979 ]. Yet any comparison of records of a particular geomagnetic reversal, or for that matter, verification of astronomical ages assigned to reversals, requires knowing precisely the age of the transitional directions of the geomagnetic field acquired by the rocks. More recently, 40 Ar/ 39 Ar age determinations and astronomical age calibrations of reversals that occurred during the past 5 Myr indicated that their K-Ar ages were about 6% too young [Johnson, 1982; Shackleton et al., 1990; Tauxe et al., 1992; Spell and McDougall, 1992; Baksi et al., 1992; Izett and Obradovich, 1994; Clement et al., 1997] . Despite the good agreement between timescales based on 40 Ar/ 39 Ar ages and astronomical calibrations and the remarkable precision of modern 40 Ar/ 39 Ar techniques, only a handful of studies have provided precise ages for lava flows with intermediate paleomagnetic directions that record Plio-Pleistocene geomagnetic reversals. These include work on the Matuyama-Brunhes reversal [Baksi et al., 1992; Singer and Pringle, 1996] , the Reunion event [Baksi et al., 1993] , and the Cobb Mountain Normal Polarity Subchron (CMNS) . Two of the papers [Izett and Obradovich, 1994; Spell and McDougall, 1992] that proposed revisions to the GPTS based on single-crystal Mexico, including Cerro Santa Rosa I and Cerro del Abrigo III, which were originally thought to closely bracket the termination of the JNS [Doell et al., 1968; Spell and McDougall, 1992; Izett and Obradovich, 1994] , are silicic lava domes that cannot easily be placed into a stratigraphic sequence of eruptions. In contrast, sequences including numerous rapidly emplaced basaltic lava flows can provide high-fidelity records of geomagnetic reversals, and their stratigraphy can also be used to test the validity of 40 Ar/ 39 Ar age determinations .
An additional limitation was the precision of conventional K-Ar ages that were typically 3 to 5% (1) for sanidines from lava domes [e.g., Doell et al., 1968] and up to 14% or more for basaltic lavas [e.g., Mankinen and Grommé, 1982] . Moreover, incomplete extraction of radiogenic argon from sanidine may be the cause for the 6% bias between the K-Ar and astronomical timescales Izett and Obradovich, 1994] . Using modern ultrasensitive mass spectrometers, carefully controlled 40 Ar/ 39 Ar laser fusion and incremental-heating techniques are capable of yielding ages with 1 precisions of 0.5% from Quaternary sanidine and 0.5 to 1.0% from basaltic or andesitic lavas [Singer and Pringle, 1996] .
A 700 m thick sequence of Quaternary basaltic lava flows is exposed in the Punaruu Valley on the island of Tahiti. From 123 lava flows in this sequence, Chauvin et al. [1990] obtained paleomagnetic intensities and directions that are cast as virtual geomagnetic pole (VGP) latitudes in Figure 1 . On the basis of the paleomagnetic data and 12 whole rock K-Ar ages, Chauvin et al. [1990] concluded that the cooling lavas had recorded in detail the CMNS, the onset and termination of the JNS, and an unspecified period of intermediate polarity between the JNS and the Matuyama-Brunhes reversal. Another extensive, Ͼ160 m thick, sequence of basaltic lava flows erupted from Haleakala volcano on the island of Maui, Hawaii, preserves partial recordings of the Matuyama-Brunhes polarity reversal and an older event that occurred between the JNS and the Matuyama-Brunhes reversal [Coe et al., 1985 Singer and Pringle, 1996] . VGP latitudes from a portion of the Haleakala flow sequence older than the MatuyamBrunhes reversal are shown in Figure 2 , and these lavas are discussed further herein. A comprehensive summary of paleomagnetic and 40 Ar/ 39 Ar data from the rather intricate Haleakala section is beyond the scope of this paper but will be presented elsewhere.
To address some of the remaining questions concerning the timing and number of reversals in the late Matuyama chron, 40 Ar/ 39 Ar incremental-heating experiments were undertaken on 18 samples of whole rock material from the Punaruu Valley and Haleakala lava flow sequences. These experiments (1) provide the first direct dates for reversals corresponding to the onset and termination of the JNS, (2) show that a transitionally magnetized sequence of lavas interpreted by Chauvin et al. [1990] to represent the CMNS were, in fact, erupted ϳ76 kyr after the CMNS; thus we have designated this newly recognized period of a transitioning geomagnetic field within the Matuyama chron the Punaruu event, and (3) indicate that transitionally magnetized lavas with broadly similar paleomagnetic directions preserved in the Punaruu Valley and at Haleakala were erupted at the same time, about 0.89 Ma. These lavas record geomagnetic field behavior associated with the Kamikatsura event. Together, our geochronologic and paleomagnetic results illustrate that the geodynamo was more lively during the middle Pleistocene than previously imagined. [after Chauvin et al., 1990] . The 40 Ar/ 39 Ar isochron ages (in Ma) (Table 1) are given for samples shown as open circles. Two K-Ar ages are also shown for reference. Note that there are six polarity transitions or reversals, including the MatuyamaBrunhes reversal in the section.
What Is a Transition?
The term "transitional" as it relates to paleomagnetic directions has been defined in a number of ways, all definitions invoking a particular virtual geomagnetic pole (VGP) distance from the rotation axis [e.g., Barbetti and McElhinny, 1976] , or angular distance from the axial dipole direction at the site in question [Hoffman, 1984] , beyond which typical secular variation may no longer be considered responsible Yet all such definitions are clearly arbitrary as they do not involve the magnitude of the paleomagnetic field. Indeed, there is considerable evidence in the paleomagnetic record for transitional field behavior occurring while the vector direction remains within the commonly accepted realm of secular variation [e.g., Bogue and Coe, 1984; Hoffman, 1986] . Hence in this paper we choose not to restrict the distinction of transitional behavior to any past definition, but rather argue each questionable case through a consideration of the full paleomagnetic vector.
Further, we choose to follow Jacobs [1994] and employ the term "subchron" to denote a determined genuine short polarity interval bounded by two complete polarity transitions, the term "excursion" to denote dramatic field behavior that does not culminate in a complete polarity reversal, and the term "event" to denote behavior that may or may not involve complete polarity transitions. It needs to be emphasized that a given recorded excursion (or event) may be related to the geomagnetic reversal process. Indeed, that reversals can be aborted or that the reversal process involves, perhaps, equal probability for the resulting polarity to be the same as (or opposite to) the initial polarity, is a reasonable starting hypothesis.
Analytical Techniques
Samples and Their Preparation
Following petrographic examination of thin sections from 35 samples from the Punaruu Valley, 11 were found to be suitable for 40 Ar/ 39 Ar analysis. All 11 samples are from one-inch diameter paleomagnetic cores studied by Chauvin et al. [1990] (see Chauvin et al.' s Table 2 for sample identification numbers).
The position of these samples in the stratigraphic sequence is shown in Figure 1 . Nine of the 11 samples were nearly holocrystalline and very phenocryst poor. From these samples, ϳ1 mm thick wafers, weighing 42-62 mg, were cut from 5 mm diameter cores drilled directly into the 1-inch diameter paleomagnetic cores. Two other nearly holocrystalline samples contained large phenocrysts of clinopyroxene and olivine. Phenocryst removal was undertaken to avoid possible mantle-derived extraneous argon components [Dalrymple and Lanphere, 1969, p. 125] . This was accomplished by crushing, sieving, and magnetic separation. Nearly holocrystalline 125-315 m groundmass separates of 29 -99 mg were obtained for analysis. Coe et al. [1985 Coe et al. [ , 1995 described a continuous sequence of at least 45 basaltic lava flow units at Haleakala volcano that include 36 cooling units which show neither fully reversed nor normal paleomagnetic directions. The uppermost 20 of these flows recorded variable VGP latitudes that cluster in three main groups including approximately Ϫ80Њ to Ϫ70Њ at the base to ϩ40Њ to 75Њ in the middle and then Ϫ35Њ to Ϫ50Њ near the top. Six of these lavas gave isochron ages from 0.773 Ϯ 0.004 Ma to 0.766 Ϯ 0.003 Ma and a weighted mean of 0.768 Ϯ 0.002 Ma, corresponding to the Matuyama-Brunhes polarity reversal [Singer and Pringle, 1996; Pringle et al., 1995] . In contrast, the lower, and much older, group of 16 transitionally magnetized units has more uniform VGP latitudes mainly between and Ϫ11Њ and Ϫ26Њ (Figures 2 and 3 ) that are distinctive from the overlying flows. Thin sections from each of the lower 16 units and one underlying reversely magnetized unit were examined and seven samples, representing the two lowermost, two uppermost, and two freshest units from the middle of the transitional section plus the reversely magnetized unit were selected for 40 Ar/ 39 Ar experiments. All are nearly aphyric and holocrystalline; flows 16b and 17 contain 2-3% glass or pale clay in an otherwise intergranular groundmass. Whole rock wafers weighing ϳ100 to 120 mg were cut directly from paleomagnetic cores. From these seven samples, 12 separate incremental-heating experiments were undertaken. [Coe et al., 1985 . VGP latitudes are plotted against stratigraphic height relative to reversely magnetized lava flow 14. For the 16 transitional sites, VGP longitudes are mainly between 301Њ and 312Њ (Figure 3) [Duffield and Dalrymple, 1990] . The age of this standard has been determined at 27.92 Ma relative to the U.S. Geological Survey (USGS) primary standard SB-3 biotite at 162.9 Ma [Lanphere et al., 1990] . Izett and Obradovich [1994] also utilized the same TCs monitor mineral and age; thus their results are directly comparable to those reported here.
The experiments of Spell and McDougall [1992] and Spell and Harrison [1993] on sanidine from the Santa Rosa I rhyolite dome, however, were monitored using Fish Canyon sanidine (FCs) assuming its age to be 27.90 Ma based on the K-Ar age of the Fish Canyon Tuff [Cebula et al., 1986] . Furthermore, Turrin et al. [1994] determined the age of sanidine from the Alder Creek rhyolite relative to 27.84 Ma for the FCs monitor. In light of new intercalibrations of 40 Ar/ 39 Ar mineral standards commonly used as neutron fluence monitors [Baksi et al., 1996; Renne et al., 1998 ], direct comparisons of our ages to the results of Spell and McDougall [1992] , Spell and Harrison [1993] , require some caveats. In particular, based on 54 isotopic measurements of TCs, Renne et al. [1998] found that it is 310 Ϯ 60 kyr older than FCs. Using the equation of Dalrymple et al. [1993, p. 7] , we have therefore recalculated the ages of Spell and McDougall [1992] and Spell and Harrison [1993] , assuming a 310 kyr difference between our TCs monitor at 27.92 Ma and the FCs monitor used in their experiments. Renne et al. [1998] also reported 86 new single-crystal analyses of sanidine from the rhyolite of Alder Creek (ACs), which is the same material used by to establish an 40 Ar/ 39 Ar age of 1.186 Ϯ 0.006 for the Cobb Mountain Normal Polarity Subchron. On the basis of calibration of these 86 measurements against the primary K-Ar standard GA-1550 biotite, Renne et al.'s [1998] data indicate that the age of ACs, and thus the Cobb Mountain Normal Polarity Subchron, is 1.194 Ϯ 0.007 Ma. Recalculating the latter age to be consistent with TCs at 27.92 Ma gives an age for ACs of 1.181 ϩ 0.007 Ma that we use in the subsequent discussion.
Using the TCs monitor at 27.92 Ma, Singer and Pringle's [1996] 40 Ar/ 39 Ar incremental-heating experiments on lavas yielded 0.779 Ϯ 0.002 Ma for the age of the MatuyamaBrunhes reversal. This age is identical to the best independent astronomical estimate of 0.778 Ϯ 0.002 Ma [Tauxe et al., 1996] . Thus, despite the uncertainties associated with intercalibration of the TCs and FCs neutron fluence monitors, experiments using both have yielded results consistent with the astronomical calendar for the past several million years [cf. Renne et al., 1994] .
Procedures
The whole rock wafers, the groundmass samples wrapped into 99.99% copper foil packets, and the flux monitor packets were loaded into 6 mm ID quartz vials that were evacuated and sealed for the experiments done in Geneva and left open to air for those done at the Scottish Universities Research and Reactor Centre (SURRC). All samples were first irradiated for 1 or 2 hours at the Oregon State University Triga reactor in the Cadmium-Lined In-Core Irradiation Tube (CLICIT) where they received a total fast neutron dose of 1 to 2 ϫ 10 17 neutrons/cm 2 . On the basis of previous work, corrections for un- Ar/ 37 Ar] Ca ϭ 0.000673. Isotope ratio measurements were made in an MAP-216 spectrometer operated with a BauerSigner ion source, fixed slit, and Johnston electron multiplier at Geneva, or an MAP-215 instrument with a modified Nier source and variable slit at SURRC. Mass discrimination was monitored using on-line air pipettes and was 1.0070 Ϯ 0.0009 and 1.0057 Ϯ 0.0003 per mass unit during the period of analytical work at Geneva and SURRC, respectively. Analytical procedures for furnace degassing, gas clean-up, mass spectrometry, and blank corrections were similar to those of Singer and Pringle [1996] , except that both laboratories now use two SAES C50 Zr-Al getters operated at 450ЊC in series for the two-stage gas cleanup.
Experiments consisted of 5 to 14 individual analyses of gas released by stepwise heatings between ϳ440 and 1300ЊC. Temperatures for the Geneva experiments are reported at the base of the Ta crucible, as read directly by a W-WRe thermocouple, and range between 650 and 1250ЊC. Temperatures for the SURRC experiments are reported inside the Mo crucible liner as calibrated by optical pyrometer, range from 490 to 1200ЊC, and reflect the ϳ100 -200ЊC difference between the controlling thermocouple and actual sample in the furnace design used in both laboratories.
For each analysis the 1 errors include estimates of the standard deviation of analytical precision on the peak signals, the system blank, spectrometer mass discrimination, and reactor corrections. Inverse-variance weighted mean ages and standard deviations were calculated according to Taylor [1982] . Precision estimates for each monitor point along the neutron fluence curves for the vials suggest that the error in J, the neutron fluence parameter, was about 0.3%; this error was propagated into the final age plateau and isochron ages for each analysis. Ages were calculated using the decay constants of Steiger and Jäger [1977] and are reported with Ϯ1 uncertainties.
Criteria used to determine whether an incremental heating experiment gave meaningful results and to calculate plateau and isochron ages were as outlined previously [Pringle, 1993; Singer and Pringle, 1996] . Briefly, these criteria include the following: (1) age spectrum plateaus are defined by at least three contiguous steps all concordant in age at the 95% confidence level and comprising Ͼ50% of the 39 Ar released, (2) a well-defined isochron exists for the plateau points as defined by the F-variate statistic SUMS/(N Ϫ 2) [York, 1969] , (3) the plateau and isochron ages are concordant at the 95% confidence level, and (4) the 40 Ar/ 36 Ar intercept on the isochron diagram does not differ from the atmospheric value of 295.5 at the 95% confidence level. The isochron ages are preferred over the weighted mean plateau ages because they combine estimates of analytical precision plus internal disturbance of the sample (scatter about the isochron) and they make no assumption about the trapped argon component. Isochrons were calculated using the methods of York [1969] .
Results
Data from the incremental-heating experiments are summarized in Table 1 , with complete analyses of each sample given in Table A1 . 1 The 11 age determinations from the Punaruu Valley span a period of 216 kyr and are consistent with the stratigraphic order of lava flows when the analytical errors are considered at the 95% confidence level (critical value test). Experiments on the seven lavas from Haleakala gave ages between circa 0.874 Ma and 0.937 Ma that are concordant with one another and with the youngest dated flow in the Punaruu Valley. From the two localities, experimental results are described in sections 3.1 and 3.2 in order of stratigraphic position from the oldest to youngest lava flows.
Punaruu Valley, Tahiti
Three samples, BKH, BKT, and BKS were analyzed to assess the age of the lowermost polarity transition recorded in the Punaruu Valley (Figure 1 ). On the basis of K-Ar ages (Figure 1) , Chauvin et al. [1990] suggested that this period of intermediate field orientations and low magnetic field intensity represented the CMNS, although they pointed out that no fully normal directions were recorded in the Tahitian lavas ( Figure  1 ). All three experiments yielded slightly discordant age spectra (Figure 4 ), however each met the criteria for reliable age determinations. Samples BKH and BKT gave age spectra with plateaus comprising 64% and 76% of the gas released and whose steps define isochrons of 1.107 Ϯ 0.010 Ma and 1.105 Ϯ 0.006 Ma, respectively (Table 1 and Figure 4) . The decreasing apparent ages in the final, highest-temperature gas steps in these and three other experiments (samples PF, TJ, and M2G, Figure 4 ) may reflect the influence of either (1) a poorly constrained high-temperature furnace blank or (2) minor 39 Ar implantation into low K refractory phases like olivine via recoil from fine-grained K-rich matrix phases during irradiation [Turner and Cadogan, 1974] . Evidence for the latter includes a tenfold decrease in K/Ca ratios obtained from the discordant high-temperature steps suggesting that olivine contributes heavily to gas released above 1100ЊC (see electronic Table A1 ). Sample BKS produced an age spectrum that gradually staircases to lower apparent ages in successively higher-temperature steps. Although this pattern may reflect subtle effects of redistribution of 39 Ar by recoil from fine-grained phases in the matrix, the last five steps comprising 52% of the gas released yielded a plateau whose points define an isochron of 1.103 Ϯ 0.009 Ma (Table 1 and Figure 4 ). It should be emphasized that any 39 Ar recoil artifacts appear to be minor and would cause apparent ages slightly in excess of the true age in the lowertemperature gas increments. The observation that isochrons calculated from these experiments give ages perfectly consis- (Figure 1 ) also argues that 39 Ar recoil effects are not significant. The isochron ages of BKH, BKT, and BKS are neither distinguishable from one another or from the K-Ar ages of 1.090 Ϯ 0.020 Ma and 1.110 Ϯ 0.030 Ma of samples BKG and PKB that bracketed the lowermost period of transitional polarity recorded in the Punaruu lava sequence (Figure 1) . The weighted mean age of the three isochrons is 1.105 Ϯ 0.005 Ma, our best estimate for the timing of the transitional geomagnetic field behavior recorded by these lavas.
Seven experiments were performed to constrain the onset, duration, and termination of the JNS. From near the base of the JNS, sample PF has an intermediate polarity with a shallow reversed VGP latitude of Ϫ62.9Њ and low intensity (3-5 times lower than adjacent reversely or normally magnetized flows [Chauvin et al., 1990] ). We interpret this flow to record transitional field behavior during the onset of the JNS; it yielded a seven-step plateau containing 89% of the gas released whose points define an isochron of 1.053 Ϯ 0.006 Ma (Table 1 and Figure 4 ). Although the SUMS/(N Ϫ 2) value for the isochron is slightly high and may suggest some minor nonanalytical errors associated with this sample, the 40 Ar/ 36 Ar intercept of 291.3 Ϯ 7.9 is indistinguishable from the atmospheric value, and we take the isochron as our best age for the onset of the JNS. Two stratigraphically higher normally magnetized samples, M2H and M2G, yielded plateaus with isochrons of 0.992 Ϯ 0.009 Ma and 1.012 Ϯ 0.018 Ma that are indistinguishable from one another (Figure 1 ). Four additional samples, TA, TB, TI, and TJ, were used to constrain the shift from a transitional to a reversed geomagnetic field at the end of the JNS (Figure 1 ). The isochrons produced from these samples are 0.989 Ϯ 0.005 Ma, 0.991 Ϯ 0.006 Ma, 0.977 Ϯ 0.010 Ma, and 0.980 Ϯ 0.011 Ma, respectively (Figure 4) . The four isochrons are indistinguishable from one another at the 95% confidence level; thus we feel justified in calculating from them a weighted mean age for the field reversal of 0.986 Ϯ 0.005 Ma.
Sample R1D is from a lava that recorded a shallow, Ϫ52.7Њ, intermediate paleomagnetic direction and very low magnetic intensity (tenfold lower than adjacent flows in the sequence [Chauvin et al., 1990] ) between the termination of the JNS and the Matuyama-Brunhes reversal (Figure 1) . It gave an eightstep plateau comprising 88% of the gas released; the isochron from this experiment is 0.891 Ϯ 0.012 Ma (Figure 4 ).
Haleakala Volcano, Hawaii
Experiments done at Geneva and SURRC on the stratigraphically lowest flow unit 16 that has a fully reversed paleomagnetic direction (Figure 2 ) gave concordant age spectra with a weighted mean age of 0.905 Ϯ 0.004 Ma. The combined isochron calculated from the 21 individual analyses is 0.897 Ϯ 0.006 and indicates a trapped component with an atmospheric composition (Table 1 and Figure 5 ).
Experiments were also done at Geneva and SURRC on flow unit 16b, the lowest transitionally magnetized lava in the section (Figure 2 ). These gave similar, but slightly discordant, age spectra whose mean plateau age is 0.886 Ϯ 0.003 Ma. Isochron ages derived from these data are 0.874 Ϯ 0.025 Ma and 0.883 Ϯ 0.016 Ma and give a weighted mean age of 0.880 Ϯ 0.013 Ma (Table 1 and Figure 5 ). The isochrons indicate an atmospheric trapped component, however, the SUMS/(N Ϫ 2) terms are large and suggest some nonanalytical errors have affected these results.
Three experiments at SURRC and one at Geneva were completed on flow 17; these produced similar age spectra that vary in the number and precision of their steps (Table 1 and Figure 2 ). The four isochron ages are between 0.937 Ϯ 0.020 Ma and 0.875 Ϯ 0.018 Ma and are concordant at the 95% confidence level. The combined isochron from these experiments yielded an age of 0.898 Ϯ 0.009 Ma and indicates an atmospheric trapped component ( Figure 5) .
A 13-step experiment on flow 17b yielded six steps, composing 68% of the 39 Ar released, that define a plataeu age of 0.866 Ϯ 0.004 Ma and an isochron of 0.887 Ϯ 0.008 Ma. A similar experiment on flow 171 yielded a six-step plateau age of 0.887 Ϯ 0.004 Ma and an isochron of 0.885 Ϯ 0.005 Ma ( Figure  5 ). The 14 steps released from flow 20a are nearly concordant and gave a plateau age of 0.880 Ϯ 0.004 Ma and an isochron of 0.883 Ϯ 0.004 Ma. In contrast, the 12-step experiment on the stratigraphically youngest flow, 20b, gave a discordant age spectrum with the initial 43% of the gas released at lower temperatures giving lower apparent ages than the remainder ( Figure 5 ). Despite the discordant age spectrum, the 12 gas steps together define an isochron of 0.886 Ϯ 0.013 Ma that indicates a trapped 40 Ar/ 36 Ar value of 300.6 Ϯ 0.8 that is significantly in excess of that found in modern air. In addition, the SUMS/(N Ϫ 2) term exceeds that expected from analytical errors; thus we suspect that this lava sample contains a small component of excess 40 Ar. The interpretation that excess 40 Ar was released from a refractory mineral such as olivine or pyroxene, is supported by the threefold to fourfold lower K/Ca ratios of gas steps released at high temperature (see electronic  Table A1 ).
Despite the high SUMS/(N Ϫ 2) values for experiments on the lowest and highest lava samples in the Haleakala section, the isochron ages obtained from the six lava flows are indistinguishable from one another at the 95% confidence level. Because these samples span a sequence of 16 lava flow units that have a similar transitional VGP orientation (Figures 2 and  3) , the weighted mean of the six isochrons, 0.886 Ϯ 0.003 Ma, is our best estimate for the age of the geomagnetic field transition recorded by these lavas.
Number and Timing of Reversals and Events in the Late Matuyama Chron
Our results from Punaruu Valley and Haleakala volcano, combined with published data and studies in progress, mandate a significant revision of the geomagnetic polarity timescale. Collectively, these data indicate that no less than seven reversals, aborted reversals, or excursions occurred during the 400 kyr that elapsed between the onset of the CMNS and the Matayma-Brunhes reversal. These geomagnetic transitions, their ages, and bearing on understanding reversal processes and the geodynamo are discussed in sections 4.1-4.4 beginning with the oldest event.
Punaruu Event
The oldest period of transitional field behavior recorded in Punaruu Valley was originally thought by Chauvin et al. [1990] to be an expression of the CMNS. It is therefore instructive to review the evidence that defines the CMNS in light of our new age determinations. A further review of published data is also presented to illuminate results that are consistent with the existence of a geomagnetic event shortly after the CMNS. The following discussion leads us to argue the discovery of a new short-lived polarity event in the Punaruu Valley on Tahiti.
The Cobb Mountain Normal-Polarity Subchron was desig- Figure 5 . Age spectra and inverse isochron correlation diagrams for seven samples from the Haleakala basaltic lava flow sequence. For flows 16, 16b, and 17, the isochron ages are the weighted means of the multiple isochron ages in Table 1 . The plotted isochrons for these three samples include data, normalized for different J values, from each separate experiment.
nated by Mankinen et al. [1978] on the basis of finding that sanidine from the transitionally magnetized rhyolite of Alder Creek, which is overlain by a reversely magnetized lava, gave a K-Ar age of 1.12 Ma, which was older than the JNS but similar to the suggested ages of transitionally magnetized sediments from several localities worldwide. and Renne et al. [1998] refined the age of the rhyolite of Alder Creek using precise 40 Ar/ 39 Ar laser fusion and incremental-heating techniques on sanidine and concluded that (1) the age of the CMNS is 1.181 Ϯ 0.007 Ma (relative to TCs at 27.92 Ma), consistent with the astronomical estimate of 1.19 Ma (Table 2) , and (2) the 6% younger K-Ar age obtained by Mankinen et al. [1978] reflected incomplete degassing of argon from the sanidines. In fact, Izett and Obradovich [1994] and argue that the latter problem may have affected the K-Ar age determinations from most sanidine samples used to construct and revise the early GPTS.
Chauvin et al. [1990] reported whole rock K-Ar ages of 1.09 Ϯ 0.02 and 1.11 Ϯ 0.03 from two basalt flows bracketing the lowermost transitionally magnetized lavas in the Punaruu Valley ( Figure 1) ; therefore the transitional directions were interpreted to represent field behavior during the CMNS. The K-Ar ages are identical within error; however, they are significantly younger than the revised age of the CMNS at the 95% confidence level. Thus, even before our 40 Ar/ 39 Ar experiments were conducted, there was reason to question whether these transitional magnetizations were indeed acquired during the CMNS. Our weighted mean age for these lavas from three concordant isochrons is 1.105 Ϯ 0.005 Ma which agrees with both K-Ar ages but is significantly younger than both the 1.181 Ϯ 0.007 Ma age of Renne et al. [1994] and the astronomical age of 1.19 -1.24 Ma for the CMNS [Shackleton et al., 1990; Berggren et al., 1995] (see Table 2 ). We conclude that the transitional paleodirections recorded in these lavas reflect behavior of the Earth's magnetic field that occurred ϳ76 kyr after the CMNS. This period of transitional behavior occurred well before the onset of the JNS and was closely preceded and postdated by a fully reversed geomagnetic field (Figure 1 Age in parentheses is K-Ar ages discussed in the text. Data from references d and f are recalculated relative to the TCs fluence monitor at 27.92 Ma.
a Mankinen et al. [1978 Mankinen et al. [ , 1981 Singer and Pringle [1996] ; direct 40 Ar/ 39 Ar dating of reversals; age for Santa Rosa event is average of seven determinations discussed in text.
i Shackleton et al. [1990] , astronomical timescale, orbital tuning of marine oxygen isotope record.
j Berggren et al. [1995] ; combined astronomical, 40 Ar/ 39 Ar, and magnetic polarity timescale. [Mankinen et al., 1978 [Mankinen et al., , 1981 . Five sites within the rhyolite of Alder Creek have transitional magnetizations, and only one has a fully normal orientation, whereas the dacite of Cobb Mountain is reversely magnetized, and the dacite of Cobb Valley, the youngest of the three units, has a transitional magnetic remanence direction [Mankinen et al., 1978 [Mankinen et al., , 1981 . Thus evidence existed as early as 1978 that a geomagnetic event of some kind older than the JNS had occurred soon after the CMNS, separated from it by a period of reversed polarity. Subsequently, Mankinen and Grommé [1982] found that two basalt flows in the Coso Range have normal polarity. These lavas had earlier given K-Ar whole rock ages of 1.07 Ϯ 0.12 Ma and 1.07 Ϯ 0.14 Ma. A third lava from the Coso Range with a transitional remanence direction was dated at 1.08 Ϯ 0.06 Ma Duffield et al., 1980] .
Considering the uncertainties of the K-Ar ages obtained from the Cobb Mountain area and the Coso Range, Mankinen and Grommé [1982] claimed that the lavas in the Coso Range and the rhyolite of Alder Creek had all recorded the CMNS at about 1.10 Ma. The possibility that the lavas from the Coso Range actually recorded the later episode of transitional polarity recorded by the dacite of Cobb Valley was not discussed, although the uncertainties of the K-Ar ages and the similar paleomagnetic directions found at all but one of the sites in the rhyolite of Alder Creek and the dacite of Cobb Valley permit such a correlation ( Figure 6 ).
It is also worth noting that the K-Ar age from sanidine in the reversely magnetized dacite of Cobb Mountain may be too young due to incomplete degassing of radiogenic argon as discussed earlier. Although at face value, the K-Ar ages of 1.08 Ϯ 0.03 for the transitionally magnetized dacite of Cobb Valley and 1.07 Ϯ 0.12 Ma for Coso Range basalts are concordant with the Punaruu lavas, they too may slightly underestimate the true eruptive ages for these lavas due to argon loss via alteration or devitrification of groundmass phases [e.g., Baksi, 1995] . In any case, the poorer precision of the latter age determinations ensure that they remain consistent with the Punaruu lava ages even if they are increased by up to 6% (Figure 6 ). The evidence summarized here, combined with our new results, indicates that a geomagnetic event occurred about 76 kyr after termination of the CMNS but before the onset of the JNS. Because fully normal directions have not been observed, we propose that this period of field behavior be named the Punaruu event (Figure 6 ). Spell and McDougall [1992] and Spell and Harrison [1993] reported several sanidine 40 Ar/ 39 Ar laser fusion ages of postcollapse rhyolite domes in the Valles Caldera whose K-Ar ages had earlier formed the basis for defining the JNS [Doell and Dalrymple, 1966; Doell et al., 1968] . Using their results to interpolate a new GPTS, Spell and McDougall [1992] suggested that reversals bounding the JNS occurred at 1.00 Ma and 0.90 Ma; the choice for the upper boundary of the JNS was apparently constrained by their 0.905 Ϯ 0.004 Ma age for the transitionally magnetized Cerro Santa Rosa I dome (all ages recalculated relative to TCs at 27.92 Ma; see Table 2 and Figure 6 ).
Age and Duration of the Jaramillo Normal Polarity Subchron
Izett and Obradovich [1994] published sanidine 40 Ar/ 39 Ar laser fusion ages from the same rhyolite domes studied by Spell and McDougall [1992] , including an age of 1.004 Ϯ 0.019 Ma for the normally magnetized Cerro del Abrigo III dome and 0.916 Ϯ 0.017 Ma for Cerro Santa Rosa I. The former age is significantly older than Spell and McDougall's [1992] 0.973 Ϯ 0.010 Ma age for Cerro del Abrigo III; however, the latter age for Cerro Santa Rosa I is indistinguishable from theirs. On the basis of these results, plus an imprecise 40 Ar/ 39 Ar isochron age of 1.10 Ϯ 0.08 Ma for Ivory Coast tektites that were deposited in reversely magnetized marine sediment just below normally magnetized sediment, Izett and Obradovich [1994] estimated that the JNS occurred between 1.11 Ma and 0.97 Ma (Figure 6 ).
Our new 40 Ar/ 39 Ar results indicate that the JNS lasted about 67 kyr between 1.053 Ϯ 0.006 Ma and 0.986 Ϯ 0.005 Ma ( Figure 1) ; these ages agree neither with the estimates of Spell and McDougall [1992] nor with those of Izett and Obradovich [1994] (Figures 6 and 7) . They are, however, in very good agreement with the interpolated estimate for the top of the JNS of Tauxe et al. [1992] and with astronomical estimates for the ages of these reversals (Table 2 and Figure 6 ). Our age for the onset of the JNS is about 17 kyr (1.6%) younger that the astronomical estimate of 1.07 Ma. The sample chosen for analysis is from the stratigraphically youngest of four lavas that record this transition (Figure 1 ) and was the only one of the four that was judged to be suitable for 40 Ar/ 39 Ar dating. Thus our direct age for this transition may well record the waning stages of a reversal that took several thousand years to complete, similar to the Matuyama-Brunhes reversal [Singer and Pringle, 1996] . Lanphere et al. [1997] . N, normally magnetized; T, transitional; R, reversed. Astronomical ages from sources in Table 2 .
If our 1.053 Ϯ 0.006 Ma age for the onset of the JNS and the astronomical estimate of 1.07 Ma are correct, it is possible that the Ivory Coast tektites dated at 1.10 Ϯ 0.08 Ma by Izett and Obradovich [1994] were deposited just before the Punaruu Event and not the JNS. We again draw attention to the transitional or normally magnetized basalt flows in the Coso Range studied by Mankinen and Grommé [1982] and the dacite of Cobb Valley [Mankinen et al., 1978] that gave whole rock K-Ar ages of 1.08 Ϯ 0.03 Ma to 1.07 Ϯ 0.12 Ma. Although the precision of the whole rock ages is poor, taken at face value, they place these lavas at the base of the JNS. However, as noted earlier, these K-Ar ages should be viewed with great caution as it has become evident from 40 Ar/ 39 Ar dating that many K-Ar ages used to construct the original GPTS were indeed too young [Baksi, 1995] . Thus 40 Ar/ 39 Ar incrementalheating experiments on the Coso Range basalts and the dacite of Cobb Valley will be needed to address the question of which polarity transition these lavas truly record (Figure 6 ).
Kamikatsura Event
In the Punaruu Valley, a single lava flow with an intermediate paleomagnetic direction erupted 0.891 Ϯ 0.011 Ma, that is, after the JNS but before the Matuyama-Brunhes reversal (Figure 1 ). This lava is also characterized by a magnetic remanence that is distinctly weak compared to all the reversely magnetized flows in the section but comparable to that of transitionally magnetized lavas which record the Matuyama-Brunhes reversal [see Chauvin et al., 1990, Table 2 ]. Thus we interpret this lava as a partial recording of transitional field behavior.
The six transitionally magnetized lavas from Haleakala gave a weighted mean 40 Ar/ 39 Ar isochron age of 0.886 Ϯ 0.003 Ma, that is, identical with the 0.891 Ϯ 0.011 Ma age obtained from the lava in the Punaruu sequence ( Figure 5) . Moreover, the lavas from Haleakala and the Punaruu Valley recorded broadly similar VGP positions over South America and the South Atlantic ocean (Figure 3) , and the mean age of all seven isochrons is 0.886 Ϯ 0.003 Ma. Baksi et al. [1992] analyzed four lavas from a sequence 1 km distant from the section of Coe et al. [1985 using 40 Ar/ 39 Ar incremental-heating techniques and obtained a mean age of 0.783 Ϯ 0.011 Ma (including error due to uncertainty in fluence monitor age) for the three youngest lavas, consistent with the astronomical age of the Matuyama-Brunhes reversal. However, Baksi et al. [1992] rejected the determination for the lowermost sample claiming that it contained excess argon leading to an age Ͼ0.850 Ma. We suggest that the lava sequence sampled in two sections at Haleakala and the lava in the Punaruu sequence were erupted during the same period of transitional polarity 0.89 Ma ( Figure  6 ). We conclude that this polarity event is indeed the Kamikatsura for reasons that follow.
Champion et al. [1988] reviewed available literature on reversals and short polarity subchrons in the latter part of the Matuyama and lower Brunhes chrons. On the basis of several examples of normally magnetized sediments occurring between the top of the JNS and the Matuyama-Brunhes reversal and the K-Ar ages of two related lavas, Champion et al. [1988] suggested that a normal polarity subchron, called the Kamikatsura, occurred at 0.850 Ma. The latter age was consistent with K-Ar based ages for the JNS and Matuyama Brunhes Doell et al. [1968] is the original, uncorrected to modern K decay constants. Sources for the astronomically calibrated points are given in Table 2. reversal of 0.90 and 0.73 Ma (Figure 6 ). We note that new 40 Ar/ 39 Ar ages for the reversals defining the MatuyamaBrunhes, upper JNS, lower JNS, and CMNS have increased an average of 6% relative to the K-Ar ages available to Champion et al. [1988] . Our age of 0.886 Ϯ 0.003 Ma for the Kamikatsura Event is 4.2% older than its previous K-Ar based age (Figure 7 ). Doell et al. [1968] reported a K-Ar sanidine age (adjusted for the 1977 decay constant change) of 0.908 Ϯ 0.028 Ma for the transitionally magnetized Cerro San Rosa I rhyolite dome and 0.909 Ϯ 0.019 Ma for the normally magnetized Cerro del Abrigo III dome in the Valles Caldera, New Mexico. Interestingly, these ages were used to define the termination of the JNS and were thus pivotal in the development of the GPTS and the acceptance of plate tectonics [Glen, 1982; Izett and Obradovich, 1994] . As noted earlier, Izett and Obradovich [1994] and Spell and McDougall [1992] obtained 40 Ar/ 39 Ar ages of 0.916 Ϯ 0.017 Ma and 0.905 Ϯ 0.004 Ma for Cerro Santa Rosa I (Figure 6 ), which are not distinguishable from the original K-Ar age of Doell et al. [1968] .
Santa Rosa Event
Our new 40 Ar/ 39 Ar age determinations indicate that the JNS terminated at 0.986 Ϯ 0.005 Ma, at least 70 kyr prior to extrusion of the Cerro Santa Rosa I dome. We therefore suggest that Cerro Santa Rosa I records a previously unrecognized geomagnetic event that occurred following termination of the JNS but before the Kamikatsura event. We propose to name this event, the Santa Rosa event, after its site of original discovery in the Valles Caldera. Further evidence for a short-lived polarity event at this time is given by Lanphere et al. [1997] , who obtained 40 Ar/ 39 Ar and K-Ar ages of between 0.935 Ϯ 0.014 Ma and 0.929 Ϯ 0.011 Ma from four lavas at Mount Baker and Mount Hood; these include at least two normally magnetized lavas, one with a shallow intermediate polarity (VGP latitude Ϫ53.0Њ), and a fourth dome that is most probably normally magnetized (D. Champion, personal communication, 1998) ( Figure 6 ). The seven ages from Doell et al. [1968] , Spell and McDougall [1992] , Izett and Obradovich [1994] , and Lanphere et al. [1997] (Figure 6 ) are indistinguishable at the 95% confidence level. These ages give a weighted mean of 0.911 Ϯ 0.003 Ma that is strongly influenced by the more precise determination of Spell and McDougall [1992] . A simple average (and standard deviation) of the seven determinations is 0.922 (Ϯ0.012) Ma, and we take this as a conservative age estimate for the Santa Rosa event. The Santa Rosa event was apparently followed by a brief period of fully reversed polarity recorded by flow 16 at Haleakala (Figure 2 ) prior to the Kamikatsura event (Figure 6 ). Clement and Martinson [1992] compared transitional VGPs obtained from marine sediment at Ocean Drilling Program (ODP) site 609 in the North Atlantic associated with the onset of the Cobb Mountain Normal Polarity Subchron against those determined from the Punaruu Valley lava sequence below the Jaramillo Normal Polarity Subchron, assuming that VGPs derived from the lavas were acquired during the CMNS. As can be seen in Clement and Martinson's Figure 14 , the two VGP paths are relatively complex, yet remarkably similar. More specifically, two clusters of sequential VGPs (the first off the SW coast of Australia and the second in the north Pacific) are evident in both records. However, after residing in the North Pacific cluster position, the VGP path obtained from the North Atlantic sediments progressed to full normal polarity, completing the reversal at the onset of the CMNS, while the Punaruu lava record indicated the return of the VGP to reverse polarity.
Implications for the Geodynamo
Process of Field Reversal
Believing both to be records of the CMNS, Clement and Martinson [1992] suggested that the lava record preserved an incomplete, intermittent recording of the reverse-to-normal transition that is more fully realized in the sediment record. Furthermore, similarities seen in the site 609 record, the Punaruu lava record, as well as three other marine sediment records obtained from distant sites, were interpreted by Clement [1992] to support the contention that the transitional field at the onset of the CMNS was predominantly dipolar.
Using a mean sedimentation rate estimated with revised ages for the Matuyama-Brunhes (0.78 Ma) and lower Jaramillo reversals (1.053 Ma), we have recalculated the age of the reversals at site 609 to 1.2 Ma. This age is consistent with the revised 40 Ar/ 39 Ar age of the CMNS Renne et al., 1998 ]. However, it is nearly 100 kyr older than the Punaruu event. Hence the Punaruu lavas and the site 609 sediments recorded different reversals.
Our 40 Ar/ 39 Ar ages for the Punaruu event permit us to further speculate on the nature of the geomagnetic field for the ϳ10 5 years between 1.19 and 1.10 Ma. The similarities in the VGP paths observed at the time of both the CMNS reversal and the Punaruu event suggest that for at least 90 -100 kyr, configurational and temporal characteristics of the process of reversal did not significantly change (a contention first offered by Hoffman [1984] and Valet and Laj [1984] ). Further, the similarities seen in the positions of the VGP clusters in both the CMNS sediment-derived and the Punaruu event lavaderived records provide additional support to the claim that geomagnetic reversal is dominated by particular long-lived dipolar configurations due in some manner to the influence of the lowermost mantle [Hoffman, 1992] .
Reversal, Aborted Reversal, and Event Frequency: Tempo of the Geodynamo
At least five geomagnetic "events" occurred within the 400 kyr interval between 1.18 Ma (the onset of the Cobb Mountain Normal Subchron) and 0.78 Ma (the end of the Matuyama Reversed Chron). Moreover, at least two of these five cases, namely, the Cobb Mountain and Jaramillo, appear to be subchrons associated with a time of normal polarity. In other words, these particular events are each defined by two complete polarity reversals of the geodynamo. The Santa Rosa event as we have defined it includes normal and transitional paleomagnetic directions, but the number and precision of 40 Ar/ 39 Ar and K-Ar age determinations leave room for speculation as to whether this event may be a normal polarity subchron distinct from, or linked to, the apparently younger period of transitional field behavior during the Kamikatsura event. The Santa Rosa and Kamikatsura events may be separated in time by at least a brief period of fully reversed polarity recorded by flow 16 at Haleakala (Figure 6 ), and if true, this would support the notion that they represent distinct episodes of geomagnetic field behavior.
Although sediment that apparently records the Kamikatsura event at several localities [Champion et al., 1988; Donghuai et al., 1998, and references therein] indicates normal as well as transitional paleomagnetic directions, normal polarity paleodirections have not yet been found to be associated with the Punaruu event. Nonetheless, we argue that both events may be associated with the process of field reversal. Indeed, the Pu-naruu and the Kamikatsura paleodirectional records gleaned from Hawaiian as well as Tahitian lavas contain a number of VGPs whose positions are not only found within the claimed preferred longitudinal bands of Clement [1991] and Laj et al. [1991] but more precisely lie within the two southern hemisphere VGP cluster patches claimed by Hoffman [1992] to be associated with long-lived transitional field configurations. Hence the Punaruu and Kamikatsura events may be associated with either two closely spaced successful field reversals, thus defining a true subchron of short duration, or alternatively, one unsuccessful, or aborted reversal [e.g., Hoffman, 1981] . However, it cannot yet be completely ruled out that one or both events are associated with a time of pronounced secular variation having little to do with the reversal process. Depending on the answer to this question, the 400 kyr interval under investigation saw no fewer than 7, and possibly more than 11, attempts by the geodynamo to reverse. Champion et al. [1988] argued the existence of at least eight short-lived polarity subchrons or events within the Brunhes Normal Chron, and detailed studies underway on marine sediment [Lund et al., 1998 ] identify at least 14 such events during the Brunhes. Thus mounting evidence points toward a rather unstable geodynamo that may be active at a frequency far higher than previously envisioned.
Conclusions
Including previously published data on the MatuyamaBrunhes reversal [Singer and Pringle, 1996] , precise ages of five geomagnetic polarity reversals or events have now been determined directly using 40 Ar/ 39 Ar incremental-heating techniques on basaltic lava flows that record transitional magnetic field orientations ( Figure 6 ). A newly discovered period of transitional field behavior is designated the Punaruu event, and it occurred at 1.105 Ϯ 0.005 Ma. The first direct age determinations indicate that the Jaramillo Normal Subchron lasted about 67 kyr and occurred between 1.053 Ϯ 0.006 Ma and 0.986 Ϯ 0.005 Ma. These ages agree with astronomical estimates but conflict with those estimated by extrapolating between sanidine ages from rhyolite domes in the Valles Caldera and the Ivory Coast tektites [Spell and McDougall, 1992; Izett and Obradovich, 1994] . On the basis of a single 40 Ar/ 39 Ar age determination from the Punaruu Valley, plus six from Haleakala volcano, a revised age for the Kamikatsura event is 0.886 Ϯ 0.003 Ma. A newly recognized event occurred about 64 kyr following the Jaramillo Normal Subchron, and 20 -40 kyr prior to the Kamikatsura event. We call this brief period of transitional to normal polarity the Santa Rosa event. It was recorded at 0.922 Ϯ 0.012 Ma by rhyolitic lava in the Valles Caldera and at least three lava flows in the Cascade Range [Lanphere et al., 1997] . The 0.897 Ϯ 0.006 Ma age of a reversely magnetized lava from the base of the Haleakala section suggests that the Santa Rosa and Kamikatsura are distinct events.
Owing to large analytical uncertainties, the K-Ar ages of several key lavas used to develop the GPTS, including the dacite of Cobb Valley, the dacite of Cobb Mountain, and several Coso Range basalts remain consistent with our new reversal timescale. However, reanalysis of these materials using modern 40 Ar/ 39 Ar techniques is needed to verify their ages and reduce further the uncertainties in the GPTS. In addition, 40 Ar/ 39 Ar analyses including incremental-heating of sanidine from the Cerro Santa Rosa I dome and lavas from Mount Baker and Haleakala volcanoes may better distinguish the Santa Rosa and Kamikatsura events from one another temporally. Our results underscore the importance of precise age control when comparing records of the paleofield during successive polarity transitions. Sequences of terrestrial basaltic lava flows provide both high-fidelity recordings and remarkably precise chronologies of frequent changes experienced by the geodynamo. Information with this resolution cannot presently be obtained from marine magnetic anomaly patterns. Geomagnetic polarity timescales [e.g., Kent, 1992, 1995; Berggren et al., 1995] based largely on the marine record are inadequate to fully understand the tempo of the geodynamo.
